X-ray multi-energy adaptive security radiography and computed tomography inspection techniques have superior performance compared to conventional dual-energy methods where two image slices are acquired by alternating energies. This new technique allows improving the quality of radiographic and CT images, expanding the range of areal densities of the interrogated objects over which effective discrimination of materials by atomic number is possible, eliminating artifacts in the image of boundaries of different densities, and reducing the time of inspection and the required dose. For this new inspection technology, RadiaBeam Technologies is developing several new types of x-ray sources that are based on linear electron accelerators. To provide an adaptive mode of operation of inspection systems, such accelerators use fast feedback from the detector array. Depending on the application, the range of the electron energy can vary from 180 keV up to 9 MeV. In this paper, we discuss the requirements for such linear accelerators, some details about their designs, and present the results of high-power and beam testing of the S-and X-band accelerators.
Introduction
RadiaBeam Technologies is currently developing several non-intrusive X-ray inspection methods and systems based on novel multi-energy adaptive radiography and computed tomography (CT) techniques [1, 2] . These developments include radiography systems for railroad cargo and truck inspection [2] [3] [4] , and systems for CT screening of cargo and luggage [4, 5] .
Conventional dual-energy inspection systems [6] have several major limitations. First, pulses with high and low X-ray energies do not overlap in the same scan plane in fast moving cargo [2, 3] , as shown in Fig.1 , left. Therefore, the existing dual-energy material discrimination technique do not provide accurate measurement of the average atomic number, Z, of some cargo regions. Second, with typical scan speeds and pulse rates, the cargo itself is severely undersampled due to small detector element sizes, the interlaced mode of operation, and the limited pulse repetition rate of linacs (400 pps). Also, the maximum penetration achieved is with the high-energy pulses, which are separated by 62.5 mm if the cargo moves at 45 kph. Finally, the two fixed X-ray end-point energies are most suitable for material discrimination over a very limited range of cargo areal densities. This significantly limits material discrimination in regions of low and high densities [1] [2] [3] . Moreover, the use of fixed end-point energies results in higher environmental radiation dose than necessary, since these systems lack the ability to reduce linac beam energy when lower cargo areal density would allow it.
In our adaptive multi-energy method, the X-ray beam consists of ramping-energy packets of short pulses (250-400 ns) separated by small time intervals (50-150 ns), as shown in Fig. 1 , right [1, 2, 4] . The key advantage of this method is that the material discrimination data is acquired in a single scan plane rather than two, i.e. each detector element of the array is collecting multi-energy data over many different, selectable, energy windows during a time when the inspected object practically does not move. Feedback from the detector array is used for real-time adjustment of the packet duration to adapt the beam end-point energy to the areal density of the regions of inspected cargo. The lower electron current partially compensates for greater bremsstrahlung conversion efficiency at high-energy pulses in the packet. The higher electron beam current at low energies provides sufficient X-ray flux for material discrimination. 
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This technique also addresses the effect of saturation of silicon photomultipliers (SiPM) caused by their recovery time [7, 8] . SiPMs are used in our systems for readout of fast X-ray scintillation and scintillation-Cherenkov detectors. As a result, the use of the pulse-packet temporal structure of X-ray beam allows increasing the dynamic range of the detectors [1, 4, 7, 8] , which corresponds to a greater penetration depth and material discrimination range. Adaptive CT systems use the same linear accelerators that are used for radiography. The difference lies in the Xray beam collimator, since a 2D detector array is used in our CT systems.
In order to enable these novel adaptive inspection systems for both radiography and CT, new types of X-ray sources are being developed at RadiaBeam, Table 1 . Depending on the application, the range of the beam energies can vary from couple of hundred keV to up to 9 MeV (X-ray beam energy used in cargo inspection systems cannot exceed the limit of 10 MeV set by the World Health Organization [9] ).
For portal systems, high beam power and energy range are the core drivers for the accelerator design, so an S-band (10 cm wavelength) klystron-driven linac is a reasonable choice. Existing systems for scanning cargo at commercial speeds using the 6/9 MeV dual-energy method provide penetration slightly above 400 mm steel equivalent, which is not sufficient for many cargos [10] . There are two main factors limiting penetration: the sensitivity of X-ray detectors operating in the current integration mode [11] , and the scattered radiation [12] . The use of compensated scintillation-Cherenkov detectors [1, 2] in high-speed inspection systems allows increasing penetration to up to 450 mm of steel equivalent. These detectors operate in the X-ray photon counting mode and have reduced sensitivity to scattered radiation.
The requirement of Congress [13] has resulted in an increased need in the throughput of portal and rail inspection systems so as not to disrupt the flow of commerce. Our energy-modulated 9 MeV linac in combination with 12.5 mm horizontal pixel size in linear detector array, enables adaptive, multi-energy cargo scanning with material discrimination (4 groups of Z) up to speeds of 45 km/h [2, 4] . 100% sampling of transmission radiographic image is ensured by the fact that the maximum repetition rate of packets of X-ray pulses can be 1000 pps. For mobile systems, the weight and dimensions of the X-ray source become critical, while the required energy and power are lower. This leads to taking advantage of higher frequencies with X-band (3 cm wavelength) magnetrons, making the system compact enough to be placed on a lightweight truck chassis.
For energies in the range of hundreds of keV, X-ray tubes seem to be the optimal choice for inspection systems: they are compact, robust and can provide high currents even in the continuous wave (CW) regime. However, for energies above 200 keV such sources become bulky and expensive and they are impractical above 600 keV. Conventional accelerators, on the other hand, are also impractical at energies below 1 MeV, since their weight, dimensions and costs are dominated by the power supplies and other subsystems, which do not scale to lower energies.
To fill the energy gap between ~200 keV and 1 MeV, we have designed a compact and inexpensive Ku-band linac. The ultra-compact size is enabled by the availability of commercial Ku-band (1.5 cm wavelength) magnetrons capable of providing up to 240 kW of peak power, which is sufficient for acceleration up to MeV energies. X-ray energy modulation can be achieved by either RF power modulation of the magnetron, or by using the beam loading effect where high current beams reduce accelerating EM fields and thus gain less energy, or by using both methods at the same time.
In the following part of the paper, we will discuss the requirements for the accelerators, some design details, and present the results of high-power and beam testing of these three types of accelerator.
Accelerator for Portal, Rail, and CT Cargo Inspection Systems
As noted in Table 1 , in the linac developed for portal systems the envelope energy of the packet of X-ray pulses ramps up from 2 to 9 MeV. The upper energy limit is determined by the requirements for the inspection system and has a WHO limit on maximum energy [9] . From the accelerator design point of view, it is defined by the available RF power and the RF breakdown limit in the accelerating structure. The lower energy limit mostly depends on the bunching section design, which is used to group the continuous beam from the electron gun into short bunches that can be accelerated in phase with the RF field. The bunching section has a limited range of RF field phases when it can accept the beam from the gun injected at a given energy and transmit it through the rest of the structure. For the linac we developed, the maximum energy is 9 MeV, and the lower energy limit is about 2 MeV.
In order to avoid quantum mottle on the radiographic image [14] , it is necessary to have on the frontal plane of the detector about 15 X-ray photons per cm 2 per 400 ns 9 MeV pulse after passing 450 mm of steel. To ensure this condition, in the prototype of our rail cargo inspection system, where the distance between the X-ray converter and detector array is 10 m, a current of 100 mA for a 9 MeV pulse was experimentally determined. The main parameters of the linac for the portal system are summarized in Table 2 .
The same accelerator can be used for the CT inspection system of cargo containers. Possible inspection system configurations, image reconstruction and material decomposition algorithms are discussed in [5, 15, 16] . A collimated two-dimensional detector array of fast scintillation-Cherenkov detectors should be used to provide necessary timeresolving X-ray detection. Because of the wide range of energy variation within the packet of pulses, we selected a travelling wave (TW) accelerating structure. This was preferred to a standing wave system for several reasons. First, it can be built in one section without a separate pre-buncher. A short integrated buncher can be used to accept the continuous beam from the electron gun into the acceleration in the whole range of linac energy regimes, since in a TW buncher the power filling occurs from cell to cell, so it is possible to start current injection as soon as the bunching section is filled with power. Similarly, when the energy is changed due to beam loading, it has a little effect on the field distribution in the bunching cells unlike in SW linacs [17] . This makes the buncher in the traveling wave linac efficient over all energy regimes. In addition, the RF filling time process can be up to four times slower in a standing wave (SW) linac [18] , which defines the required time to change the output beam energy. Finally, in a SW linac high-energy overshoots may exist in over-coupled regimes, which occur for low-current/high-energy pulses, since the coupling strength between the cavity and the RF feeding waveguide is optimized for high-current/low-energy beams [19] . Unlike these systems, our linac can efficiently operate at different RF powers and beam current levels because of the particular design [17] and more favorable transient effects in the designed TW structure.
The ramping-energy linac for portal inspection system has been fabricated and tested, Fig. 2 [17, 20] . The linac was conditioned to 5 MW peak power, and up to 16 µs pulse lengths at 100 pps. The packet repetition rate was limited by the currently available klystron and modulator, although the linac is designed to operate at 1000 pps. In a commercial system, this can be achieved by upgrading the klystron and modulator. High-power klystrons and modulators with repetition rates of up to 1000 pps are available [21] . We measured the temporal profile of electron train packets of 400 ns pulses, which demonstrated intra-pulse energy ramping from 2 to 8 MeV. To date, we have created beams with a variety of temporal profiles and energy profiles. These measurements were made using a dipole magnet-based monochromator designed and built by RadiaBeam. The magnet was calibrated by measuring the central field as a function of current with a Lakeshore MMZ-2518-UH 3-axis hall probe and Lakeshore 460 Gaussmeter. By accumulating many energy profiles over multiple linac pulses, we can generate energy profiles of our beams with high temporal resolution. Fig. 3 . Left: Temporal profile of 14 μs packet of 19 ramping-energy X-ray pulses. The detector array is placed at a distance of 10 m from the X-ray converter. The response of the 3 adjacent detector channels, PbWO4 pixels with SiPM readout, to the X-ray passed through air is shown. The green trace at the bottom of the oscillogram shows the DAQ synchronization pulses. Right: Material discrimination curves for polyethylene, aluminum, iron lead, and lead step wedges. A high/low ratio R is presented as a function of material thickness in inches steel-equivalent.
In addition to electron beam measurements, characterization of the X-ray beam produced by a triple-metal (W-Cu-Al) transmission converter was performed. The converter was optimized for generation of X-rays over an energy range of 2 -9 MeV. Fast Scintillation-Cherenkov detectors were used for recording the temporal profile of the packet of Xray pulses (Fig. 3, left) . Material discrimination curves (Fig. 3, right) were obtained for step wedges, consisting of four materials, in an operation mode with dynamic adjustment of the responsivity of the SiPMs [1, 2] .
Accelerator for Mobile Systems
Currently there is strong interest in accelerator systems that are compact and light enough to be placed in a lightweight truck chassis (one that does not require a commercial driver's license). For such a system, the end-point energy range can be lower, i.e. 4-6 MeV, since it will be used for cars and cargo truck inspection. The generated dose rate has to be lower than in stationary systems and depending on the application can range from 1 to 100 cGy/min at 1 m from the source. The main drivers of size and weight in conventional accelerators are the power source and the shielding. For a given dose, the shielding size and weight depends to an extent on the size of the accelerator within.
In our linac design, we were able to reduce the size of all these components by utilizing an X-band frequency accelerator carefully optimized to minimize size, and by careful design of the rest of the system. X-band standingwave cavities have a short filling time, comparable to that of S-band travelling wave linacs described above, which is critical for the adaptive-energy regime. Also, the required energy range of 4-6 MeV does not require a robust TW buncher. A comparison of the mobile X-band linac parameters with those of a conventional 4/6 MeV dual-energy accelerator is provided in Table 3 . The prototype has been recently built and tested, and we have measured a 6 MeV beam at 110 mA of peak current (Fig. 4 ). Fig. 4 . RadiaBeam X-band 4-6 MeV accelerator for mobile inspection system (a), its linac head without shielding (b) and the energy spectrum measurements with a magnetic dipole (c).
Accelerator for Compact Systems
One of the main requirements baggage, small parcel and air cargo inspection systems is that the X-ray source must be compact. The required energies should cover the range from 180 keV to 1 MeV. Typically, this range is associated with X-ray tubes, however, they are still bulky, heavy and not practical beyond 600 keV energies. Since not much power is required, RadiaBeam has designed a Ku-band accelerator for 200 keV, scalable to 1 MeV, which can bring the linac size down to 20x20x10 cm 3 size and the weight to ~5 kg, including the magnetron [23] . The weight and the dimensions of a 1 MeV linac will be on the same order of magnitude (we estimate about 50% increase). The linac requires a modulator, which can add another 10-25 kg and can be located in a separate box. In comparison, an X-ray tube also needs a separate DC supply. There are also a number "monoblock" x-ray tubes which integrate all high voltage supplies into the same device that can be used as 200 keV sources [24, 25] . However, they are heavy, 40 and 67 lbs, and bulky. If applications required shielding, such sources are not good because all volume of X-ray source needs to be covered. In contrast, with the Ku-band linac, only a relatively small volume needs to be shielded. Therefore, the design with separate power supply, or with a separate modulator, in many cases is preferred. In Table  4 , we compare the parameters of the RadiaBeam Ku-band linac with the commercial 200 keV X-ray tubes. 
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The choice of the Ku-band frequency range is motivated by the significant reduction in component size compared to X-band, and the availability of magnetrons with sufficient power. We examined higher frequency magnetrons (i.e. Ka-band) however the dimensions and weight were similar to the Ku-band magnetrons. We have also chosen the split accelerator approach [27] , which allows simple and cheap fabrication and has a simplified tuning procedure. The linac head consists of the magnetron, accelerating structure, electron gun, vacuum pump, RF load, and X-ray convertor, as shown in Fig. 5a . The modulator can drive both the magnetron and the gun, which reduces the number of required power supplies. A prototype structure was fabricated at RadiaBeam and demonstrated excellent agreement with simulations and a very smooth field profile even without tuning (see Fig. 5b ), which is critical for cost-efficiency. We have also explored the energy scalability up to the MeV region (see Fig. 5c ) by using analytical models for linear accelerators [28] , and in principle the RF power of the available magnetrons is sufficient for covering this energy range. The short filling time of the Ku-band linac makes it very friendly to adaptive energy techniques. Currently, we are working on a 1 MeV prototype of this linac.
Summary
RadiaBeam Technologies, LLC is developing several novel x-ray cargo inspection systems based on adaptive ramping energy techniques that provide superior radiographic image performance and material discrimination than conventional dualenergy interlaced systems. In this publication, we have described the linac-based X-ray sources for three types of the inspection systems: portal, mobile and compact. We have provided the requirements for the linac sources for these systems in conjunction with their design. The current status of these developments and the results of the accelerator tests have been presented.
